ABSTRACT We present a design and the optimization of an irregular-shaped inward-outward (IO) ringpair magnet array that generates a 1D monotonic field pattern for 2D head imaging in a low-field portable magnetic resonance imaging (MRI) system. The magnet rings are discretized into fan-shaped ring segments with varying outer radii for the design and optimization. Besides, the inner radii of ring-pairs are tapered from outside in to provide the controlled field inhomogeneity. Genetic algorithm (GA) was used, and a current model for a fan-shaped ring segment was derived to have a fast forward calculation in the optimization. A monotonic field pattern is successfully obtained along the x−direction in a cylindrical field of view (FoV), with a relatively strong magnetic field (132.98 mT) and the homogeneity of 151840 ppm. The proposed array was further evaluated by applying its field as a spatial encoding magnetic field (SEM) for imaging by using simulation. Due to the field monotonicity, the reconstructed image by applying the fields of the proposed array shows clearer features (a higher structural similarity index) with a reduced error rate compared to that using a sparse dipolar Halbach array. The proposed magnet array is a promising alternative to supply SEM for imaging in a permanent-magnet-based low-field portable MRI system.
I. INTRODUCTION
With no power consumption and low cost, permanent magnet arrays are always attractive to be used as a source of the static main magnetic field (B 0 field) for a portable MRI scanner [1] - [3] . However, when a traditional imaging approach is taken with Fourier transformation and linear gradient fields, homogeneous B 0 fields are required in an MRI scanner, resulting in a bulky magnet array [4] , or if the magnet array is scaled down to a portable size, the imaging volume becomes too small to image a human organ [5] . Recently, nonlinear gradient fields are proposed to be used as spatial encoding magnetic fields (SEMs) for MRI image reconstructions to overcome physiological limitations of the The associate editor coordinating the review of this manuscript and approving it for publication was Eduardo Rosa-Molinar.
conventional spatial linear gradient setup, e.g. to reduce peripheral nerve stimulation. Some examples are the parallel imaging technique using localized gradients (PatLoc) imaging [6] , [7] , and O-space imaging [8] , [9] . In these approaches, as static field patterns without spatial linearity can be used to encode MRI signals for imaging, the requirements for the homogeneity of the static field can be relaxed. When a permanent magnet array is used to supply the B 0 field, it allows an array with a reduced size, reduced weight to have a bigger imaging volume which may accommodate a part of human body, such as a head. It offers opportunities of constructing a truly portable low-cost MRI scanner.
In [1] , a sparse dipolar Halbach array [10] , [11] (also named ''NMR Mandhala'' [12] ) was used to supply a SEM (the main field plus the gradient field) with a quadrupolar field pattern in the transverse direction for head imaging with a portability. The SEM from a sparse Halbach array is curvilinear and nonbijective, so the sensitivity encoding (SENSE) using multiple receiver coils was applied to resolve the spatial ambiguity [13] , [14] . Furthermore, the magnet array was rotated to obtain a variation of B 0 field relative to the sample, so as to provide additional spatial encoding information to localize the MR signal [1] . Although the ambiguity is mitigated by using multiple receive coils and by rotating the magnet, there is substantial blurring in the central region of the imaging volume, for the central region of the quadrupolar SEMs is relatively homogeneous. Moreover, in the region with low or zero gradients, the image quality can greatly be degraded [1] , [6] , [14] . In [2] , it was reported that a shorter sparse Halbach array was implemented for MR imaging. Similar problems of imaging due to the nonbijective encoding B 0 -fields were encountered. In such an MRI system where a permanent magnet array is used, monotonic SEMs with a relatively linear gradient are preferred to have an increased image quality. Based on the sparse Halbach cylinder proposed in [1] , further optimization for a monotonic SEM was reported in [15] using a genetic algorithm (GA) and finite-element simulations, to favor the nonlinear image reconstruction.
There are other designs of magnets that are reported to generate linear SEMs in the literature. It is commonly seen in single-sided or unilateral NMR/MRI systems for onedimensional profiling near the surface of a magnet. Examples in this category are a horseshoe magnet [16] , [17] , a magnet array consisting of many small magnet blocks with the optimized arrangement [18] , [19] , a single-bar magnet [20] , a single magnet topped with a shaped iron pole cap [21] , and a Halbach cylinder when the stray field outside the cylinder is used [22] . For the magnets reported for single-sided or unilateral NMR/MRI systems, although the SEMs are linear, the field of view (FoV) is usually limited to the region close to the surface of the magnets, which is not large enough to accommodate and image a large sample (e.g., human head). A Halbach array allows a relatively large FoV when the inner field is used. Besides the optimization for a monotonic field reported in [15] , in 2016, P. Blümler proposed to concentrically nested dipolar and quadrupolar Halbach cylinders, obtaining constant gradients for MRI imaging [23] . In [23] , the proposed nested Halbach cylinders theoretically shows an average field strength of 0.45 T in a circular region with a diameter of 20 mm, and the gradients in FoV can be varied from 44.5 to 53.0 mT/m.
For a Halbach array, the magnetic field it supplies is in the transverse plane of the array cylinder, where the designs of traditional radiofrequency (RF) coils cannot be applied directly. Recently, a ring-pair magnet array was proposed, showing a longitudinal field with a relatively high field strength and homogeneity in a cylindrical FoV (a diameter of 20 cm and a length of 5 cm) [24] . The proposed ring-pair magnet array consists of multiple ring pairs with different inner and outer radii. For a single ring pair, it has one ring that has the magnetization pointing radially inward and the other one pointing radially outward. A ring pair with such a configuration was first proposed by G. Miyajima in 1985 where the inwardly polarized ring was first introduced by E. Nishino in his patent in 1983. The ring pair was extended to a tworing-pair structure by G. Aubert in 1991 to obtain a homogeneous field for MRI [25] . This design was further extended to 10 ring pairs to generate a relatively strong SEM with a relatively low inhomogeneity for non-linear imaging for MRI in [24] . In [24] , such a ring pair is called inward-outward ring pair (IO ring pair) to identify its characteristics. The field pattern generated by the proposed IO ring-pair magnet array in [24] is concentric which intrinsically spatially encodes the NMR/MRI signal in the radial direction. For this design, the encoding along the θ−direction is missing. To achieve a 2D spatial encoding, as suggested in [24] , one method is to apply coil sensitivity encoding provided by rotating receiving coils to obtain additional information in the θ−direction [13] , [26] . Alternatively, a rotating encoding magnet block (or blocks) can be introduced to break the axial symmetry of the magnetic field to bring additional encoding information in the θ−direction for 2D imaging.
In this paper, the IO ring-pair magnet array in [24] is further optimized to obtain a 1D monotonic field pattern to favor the image reconstruction, on top of having a relatively high field strength and the acceptable field inhomogeneity along the longitudinal direction. To achieve this goal, the ring pair is discretized into ring segment pairs for optimization, resulting in irregular-shaped rings. The resultant proposed design is named irregular-shaped IO ring-pair magnet array. A GA was applied and a current model for a ring segment pair (a fan-shaped pair) was derived and used for a fast forward calculation of the magnetic field in the optimization. The design and optimization are detailed in Section II. The optimization results are presented in Section III, and the proposed magnet array is compared to a Halbach array when their fields are used for encoding for MR imaging by using simulation, to show that the proposed design favors image reconstruction. Discussions on the design and optimization are presented in Section IV, and a conclusion is made in Section V.
II. METHODS
The proposed design is shown in Fig. 1 (a) which consists of segmented IO ring pairs that have varying inner radii from one pair to another, and different outer radii from one segment to another. A basic IO ring pair is shown in Fig. 1 (b) . As shown in Fig. 1 (b) , it consists of two annular magnets of the same dimension with the central axes aligned and located a distance apart, forming a cylindrical space. In the ring pair, one magnet ring has the magnetization radially pointing inward (the left one) and the other radially pointing outward (the right one). It supplies dipolar magnetic field along the axial direction of the cylinder (from left to right). In the proposed magnetic array as shown in Fig. 1 (a) , the proposed magnet array has M IO ring pairs and is symmetric with respect to the central plane (xy−plane, z = 0). The rings in a pair are identical. All the rings have the same thickness t. Therefore, on each side, the aggregate consists of M magnet ring The distance between the two inner edges of the two inner most rings is d. All the magnet rings on the left (z > 0) are radially polarized outwards, and those on the right (z < 0) are radially polarized inwards, thus a longitudinal magnetic field (along the z−axis) is generated. For each ring, they are segmented into N fan-shaped segments, as shown in Fig. 1 (a) . Fig. 1 (c) and (d) shows the front view and side sectional view of the proposed array. Fig. 1 (e) shows a ring segment. For each segment, it is indexed using j and i where j indexes the j th ring pair and i indexes the i th ring segment. The inner and outer radius of each segment are denoted as R ij in and R ij out , respectively. For the optimization, the inner radii of the segments from the same ring pair, e.g. the j th ring pair, are set to be the same. Therefore, we let R ij in = R j in . On the other hand, the outer radii vary from one segment to another along a ring, while they are set to be the same across rings for the segments of the same index. For this reason, R ij out is set to be R i out . In the optimization, R j in and R i out (j = 1, . . . , M , and i = 1, . . . , N ) are the geometrical parameters to be optimized to generate a targeted SEM with a desired field pattern, field strength, and homogeneity. The distance d between the two inner edges of the two inner most rings is fixed to be 240 mm. For head imaging in 2D, the FoV under optimization is set to be a cylindrical volume with a diameter of 200 mm and a length of 50 mm inside the magnet bore. It is 25 mm off the origin along the −x−direction. It is illustrated in red in Fig. 1 (c) and (d). For the optimization, GA was applied and a current model for the calculation of the magnetic field of magnet ring segments was derived and used for a fast forward calculation. The details are presented next.
A. OPTIMIZATION USING GENETIC ALGORITHM
GA [27] was used for the optimization of the proposed magnet array. GA provides candidate solutions with a high diversity. Generally, it contains iterations with improvements where off-springs are produced, crossed over, and mutated. The application of GA to the optimization of magnet system for MRI scanners has shown the effectiveness and efficiency of the tool [15] , [24] , [28] , [29] . The key of applying GA is the definition of an effective fitness function which rewards the good off-springs and penalizes the bad ones. In this study, there are three optimization objectives: a high average field strength (> 100 mT), the controlled field inhomogeneity (<10 mT), and a monotonic field pattern that is as linear as possible. All three objectives are combined in a single fitness function to accelerate the optimization rather than using a multi-objective GA. This fitness function is shown as follows,
where, k is the index of the observation points r in the FoV and N 1 is the total number of the points, N 2 is the total number of the observation lines parallel with the x−axis in FoV with a spatial step of 10 mm, h is the index of the observation lines in FoV, r h is the th point along the h th observation line. The total number of points along the h th line is denoted using N h 3 . The first term in (1) is the field inhomogeneity, and the unit is part per million (ppm). The second term in (1) rewards the off-springs with a field strength higher than 100 mT, and penalizes those with a field strength lower than 100 mT. The third term in (1) takes care of the monotonicity of the field pattern in FoV by checking the field gradient along the x−direction. In our approach, function issorted was used for testing the monotonicity of the field along the observation line, and it takes less computation compared to calculating the number of voxels with undesired gradients [15] . To balance the three objectives, weighting coefficients α and β were applied to the second and third terms in (1), respectively. In this study, it was empirically set to be 5×10 3 and 2.5×10 4 , respectively.
B. FORWARD CALCULATION: CURRENT MODEL
As known in the literature, the current model is suitable to calculate the magnetic field of a yokeless magnet system without the segmentation of the magnets [30] . The calculation using a current model is more efficient compared to finite element method (FEM) [31] , or Boundary Integral Method (BIM) [32] . For the proposed magnet array, a current model for a fan-shaped ring segment (shown in Fig. 1 (e) ) was derived and implemented for a fast forward calculation for the optimization. The details of the derivation are shown next. In the derivation, a cylindrical coordinate system was used.
In a current model, a permanent magnet is modeled using equivalent current sources. The magnetic field generated by these equivalent current sources can be calculated by (2) below,
where, µ 0 is the permeability of free space, r = r, φ, z is the observation point, r = r , φ , z is current source point, j m is the equivalent surface current source, J m is the equivalent volume current source, and S and V are the surface and the volume of the magnet, respectively. For a fan-shaped magnet shown in Fig. 1 (e) , the equivalent volume current density is determined by
where, M 0 is the magnitude of the remanent magnetization of a permanent magnet. As the remanent magnetization is a constant along different polarization, its curl is zero. Thus, based on (3), the equivalent volume current is zero. Therefore, in (2), there are only equivalent surface currents remained. (2) is rewritten as,
For the equivalent surface currents, they are expressed as,
where,n denotes the unit normal vector of the magnet surface.
Substituting (5) into (4) gets an expression for B(r). The z−component of B(r) dominates the magnetic field generated by the proposed magnet array, and B z (r) generated by the fanshaped magnet ring segment is expressed as,
where
The superposition principle holds in a yokeless magnet system, so the total resultant magnetic field B total (r) generated by the whole proposed magnet array in Fig. 1 (a) can be calculated by
To validate the derivation, a fan-shaped segment pair shown in Fig. 2 (a) was calculated using both (8) and COMSOL Multiphysics. Fig. 2 (b) shows both results along the radial direction. As shown in Fig. 2 (b) , the result using the derived current model and that using COMSOL Multiphysics (FEM-based) show a good agreement with each other. In the GA optimization, the number of ring pairs, M , was set to be 9, the thickness of each ring, t, was set to be 12 mm, the distance of the two innermost rings, d, is set to be 240 mm. The remanence of all the magnets was set to be 1.4 T . Based on the report on an optimization of an IO ring pair aggregate in [24] , a relatively high field strength with the low inhomogeneity can be obtained when the inner radii of the ring pairs are tapered outside in. To accelerate the optimization, in the current optimization, the inner radii of the ring pairs, R j in (j = 1, 2, . . . , 9), were tapered outside in in the initial candidate solutions. Moreover, each magnet ring was segmented into 24 fan-shaped segments, resulting in 24 R i out (i = 1, 2, . . . , 24) in one individual for optimization.
To further accelerate the optimization efficiency, the symmetry with respect to the central rθ−plane (xy−plane) and to the x−axis was set, and this reduce the parameters to be optimized to be 12, which are R i out (i = 1, 2, . . . , 12) in one individual.
To have a monotonic field along the x−direction in the FoV, tapered outer radii along a semi-ring are helpful. Therefore, R i out (i = 1, 2, . . . , 12) were set to be tapered and the number of optimization parameters was further reduced. The governing equation as follows are imposed to R i out 's,
where, ρ is the step reduction of the outer radius as the index of i increases, σ is the order of the tapering function, and R max out denotes the maximum radius among R i out (i = 1, 2, . . . , 12) under optimization. With the tapering function in (9) , the number of parameters in one individual is reduced from 12 to only 3. In the GA optimization, ρ ∈ [0.1 4], σ ∈ [0. 1 5] , R max out ∈ [290 320], and the population size was set to be 50 which can provide enough diversity for the candidate solutions. With the current model (the calculation time is 1/10 of that using FEM) and the reduced number of optimization parameters, the forward calculation for one iteration was greatly accelerated. 
III. RESULTS
During the optimization process, the optimization was repeated multiple times since GA did not always converge to the same result. Fig. 3 (a) shows that both the mean and the best fitness value decreased as the number of iterations increased in one optimization loop. A good result with a fitness value of 61584 is presented here with a trade-off Fig. 3 (b) and (c) .
The field patterns of the optimal structures were calculated using (6) for an evaluation. The optimized magnet array provides a B 0 field (z−components of the magnetic field generated by the proposed magnet array) with an average field strength of 132.98 mT and the field homogeneity of 151840 ppm in the FoV. Fig. 4 (a-c) show the B z distribution in the xy−plane at z = 0 and 25 mm, and B z distribution in the xz−plane at y = 0 mm, respectively. Fig. 4 (d) and (e) show the B z along the x−direction at y = 0, 20, 40, 60 and 80 mm within the planes shown in Fig. 4 (a) and (b) in the FoV, respectively. As shown in Fig. 4 (a), (b) and (c), VOLUME 7, 2019 B z decreases monotonically from left to right, especially when -125 mm < x < 25 mm. The monotonicity of the field can clearly be seen from the 1D plots along different lines in Fig. 4 (d) and (e). When -125 mm < x < 50 mm and -20 mm < y < 20 mm, the gradient is about 122.5 mT/m and 140 mT/m in the xy−plane at z = 0 and 25 mm, respectively. Outside the region of -20 mm < y < 20 mm, the region that shows linear fields is smaller and the gradient is smaller as well. For example, when y = 60 mm, the field shows a linearity from -105 mm to 0 mm, with a gradient of about 105.7 mT/m and 121 mT/m in the xy−plane at z = 0 and 25 mm, respectively. As can be seen from Fig. 4 (a) -(e), through the optimization when the inner radii of the rings were tapered outside in and the outer radii of each ring segment were tapered along the x−direction and optimized, a field monotonicity along the x−axis was successfully obtained for imaging. A realistic simulation was done in COMSOL Multiphysics to validate the optimal design. The simulated B z field in the central xy−plane (z = 0 mm) and in the xz−plane (y = 0 mm) were shown in Fig. 5 (a) and (c) , respectively. Compared to the B 0 field shown in Fig. 4 (a) and (c), the current model and COMSOL Multiphysics showed the almost same field pattern in the FoV for the optimal design. The average field strength and field inhomogeneity from the COMSOL Multiphysics were 134.69 mT and 145680 ppm, and the differences compared to the current model are within 1.3 % and 4.1 %, respectively. They showed good agreement with each other, and the effectiveness of the optimization was validated. The x− and y−components of the magnetic field in FoV were also studied here, and the |B xy /B 0 | (unit:%) in the FoV was calculated and shown in Fig. 5 (b) . As can be seen, |B xy /B 0 | is below 0.05 % in the central plane of the FoV, and the z−components are dominant in the B 0 field generated.
The optimized magnet array is compared to a sparse Halbach array in terms of the fields they generate, and when the fields they generate are used as SEMs for imaging. Fig. 6 (a) and (b) show a 3D model of a short sparse Halbach array reported in [33] , and the simulated field distribution in the central xy−plane (with a diameter of 200 mm), respectively. As can be seen in Fig. 6 (b) , there are considerable regions where gradients are low or zero, especially in the central region. Comparing the field pattern of the proposed magnet array in Fig. 4 (a-c) and that of the Halbach array in Fig. 6 (b) , it can be seen that most of the regions with low or zero gradients were successfully eliminated. The fields from both the proposed array and the Halbach array (shown in Fig. 4 (a) and Fig. 6 (b) were evaluated by examining the quality of reconstructed images when they are applied as SEMs to encode signals of a Shepp−Logan phantom shown in Fig. 7 (a) by using simulation. For encoding, all SEMs were rotated 180 • with a step of 2.8125 • (total step number of 64). Eight surface coils with a diameter of 50 mm were located around the side wall of the cylindrical FoV, and used for signal reception. The spin echo signals were collected with quadrature demodulation by using CPMG pulse sequences in the simulation. At each angle, 256 readouts with a dwell time of 25 us were collected for image reconstruction. The SNR of NMR signal was set to be 20 dB for both SEMs for their relatively low field strength, and the field strength and field inhomogeneity were normalized to be the same level (mean(B 0 ) = 100 mT, B 0 = 1 mT) to eliminate of influence of the field strength and inhomogeneity on the quality of reconstructed images. Conjugate gradient (CG) based iterative time domian reconstruction (iTDR) was used for the image reconstruction. Fig. 7 (b) , and (c) shows the reconstructed images using the field of the Halbach array (Fig. 6 (b) ), and that using the central part of the magnetic field from the proposed array (Fig. 4 (a) ) by using simulation, respectively. Comparing the images in Fig 7 (b) and (c), clearer features can be seen in the image by using the fields from the proposed array which have an improved monotonicity. The normalized root mean square error (NRMSE) of the image using the proposed array was reduced by about 22.73% from 10.03% to 8.02% compared to that using the reference Halbach array. As can be seen in Fig. 7 (b) and (c), the blurring, especially at the center of the image was greatly reduced with the proposed array compared to the reference Halbach array. The structural similarity index (SSIM) of the image using the proposed array was 0.296 with respect to Fig. 7 (a) , which showed an improvement of about 54.94% compared to that using the Halbach array (the SSIM was 0.191). Clearer images can be reconstructed using the magnetic field of the proposed array, which is attributed to the removal of the central zero-gradient region, and that of the regions with low gradients in the field pattern of the proposed array from that of a Halbach array.
IV. DISCUSSION
It has been shown that the proposed irregular-shaped IO ringpair magnet array provides a monotonic field along a single direction in the central plane of a cylindrical FoV that works for head imaging. Through optimization using GA, the field strength is maintained at above 130 mT with the inhomogeneity controlled at 151840 ppm within the FoV. Due to the linearity in gradient, it serves better as a SEM leading to a better image quality in an MRI system, comparing to a Halbach array [1] , [2] and an IO ring-pair aggregate [24] . For a Halbach array with a quadrupolar B 0 field pattern, there are regions where the gradients are low or zero, whereas for an IO ring-pair aggregate [24] , a gradient in the θ−direction is missing although they can be compensated by adding additional structures or additional mechanical movements of the magnet when conducting encoding. Comparing to an optimized sparse Halbach array [15] , the proposed magnet array has a similar length (45.6 cm vs. 45.7 cm in length), but a larger diameter by 21.9% (64 cm vs. 52.5 cm in diameter), and both were designed and optimized to obtain a monotonic SEM for imaging in a FoV with a diameter of 20 cm. The proposed array generates a B 0 field with an average field strength of 132.98 mT, which is 64 % higher compared to 81.1 mT of the sparse array. However, the field inhomogeneity of the sparse Halbach array is only about 10% of the proposed array. A large inhomogeneity requires a wider bandwidth of the RF system, which will be discussed in the next paragraph. Overall, the proposed irregular-shaped IO ring-pair magnet array can be a good candidate to supply the SEM in a low-field portable MRI system, besides a sparse Halbach array [15] .
The field homogeneity from the optimized array is decreased from 24786 ppm to 151840 ppm compared to the IO ring-pair aggregate in [24] , which can be considered as the price paid for the field monotonicity to favor spatial encoding. The low homogeneity results in the fact that a wide bandwidth are needed for radio-frequency (RF) excitation and signal reception, which may require RF coils and the CONSOLE to have wide working frequency bands. Therefore, as a result, the RF hardware has to be re-engineered to obtain a corresponding broad working bandwidth. Ultra broadband techniques for RF system has been proposed for NMR/MRI systems [18] , [34] , [35] . A broad-band RF system can by achieved by using, for example, a transformer-based non-resonant transmitter and receiver which covers a broad frequency range [34] , [35] , or using a receiver with a binary switch array to switch the resonant frequencies spanning in a significantly wide bandwidth [18] , [34] , [36] .
If the requirement for homogeneity can be relaxed further with the implementation of ultra broadband techniques, a more linear field can be obtained from the GA optimization. Fig. 4 , with a compromised field strength and field homogeneity, the monotonic region is wider along the x−direction and the gradients are close to each other at different values of y. The uniformity of gradients along the y−direction helps to improve the uniformity of resolution in the reconstructed images [15] . Fig. 7 (d) shows the reconstructed image by using the magnetic field in Fig. 8 (a) by using simulation, and it showed the 4.36% improvement in terms of the NRMSE with a NRMSE of 7.67% compared to Fig. 7 (c) . In the meanwhile, the Gibbs (truncation) artifacts at the zoomed-in regions shown in Fig. 7 (d) were greatly removed with the more linear SEM compared to those shown in Fig. 7 (c) . However, it is worth pointing out that an improved monotonicity is obtained at a price of having a lower field strength and the lower field homogeneity, which may cause a low SNR and a consequent low spatial resolution, and a wide working frequency band for the RF system, respectively.
The FoV is 25 mm off the center of the magnet array to have more regions with monotonic gradients, avoiding the area where the gradient is low (as shown in Fig. 9 ). The magnet array will be rotated around the center of the FoV rather than the center of the magnet array to facilitate a non-Fourier transform image reconstruction. A rotation mechanism can be designed accordingly to achieve this off-center rotation. The smaller number of segments are helpful to reduce the cost of the whole magnet array. Here, the influence of the number of segments on the field pattern was investigated.
Each annular magnet under optimization was segmented to 4, 8, 12, 18, 24, and 36 fan-shaped elements, and calculated using (7) and (8), respectively. In all six cases, the R i out were tapered from 300 mm to 273.6 mm (as the design shown in Fig. 8 (b) and (c)) according to the Eq. (9). The B 0 field calculated in the central xy−plane (z = 0 mm) of FoV based on different segmentations are shown in Fig. 10 (a-f) . The changes of the average field strength B 0−avg and field inhomogeneities (unit: ppm) with the increase of the number of segments were shown in Fig. 10 (g-h) . As can be seen, the segmentation with different element numbers showed a similar field pattern and average field strength. However, the field inhomogeneity was influenced a lot by the number of segments as shown in Fig. 10 (h) . Overall, 20 ∼ 24 will be a suitable range for the number of segments of an annular magnet in the proposed irregular-shaped IO ring-pair magnet array, which can provide both good field homogeneity and less segments to be calculated.
The fan-shaped magnets are widely used in the designs of motors and in those of accelerators. They are easy to be fabricated. However, the optimized magnet array consists of 24 fan-shaped magnets of different dimensions, it would be costly for a physical implementation. Also, the large forces and torques between adjacent magnets in this dense design will bring challenges to the housing design and assembly. The next step for this proposed magnet array is to explore a possible sparse design of using magnet bars and cubes for a similar field pattern with a similar field strength and field homogeneity, probably through optimizing the locations of the magnets.
V. CONCLUSION
We present a design and the optimization of an irregularshaped IO ring-pair magnet array that generates a 1D monotonic field pattern for 2D head imaging. GA was applied for the optimization, and a current model for a fan-shaped ring segment pair was derived for a fast forward calculation for the optimization. In the simulation, the optimized magnet array shows an average B 0 field of 132.98 mT and the field homogeneity of 151840 ppm in the a cylindrical FoV with a diameter of 200 mm and a length of 50 mm. Furthermore, the obtained magnetic field was applied as a SEM for signal encoding for imaging for a further evaluation of the proposed magnet array. The proposed magnet array successfully removes the blur at the central region of the image encoded by a Halbach array due to a highly monotonic gradient. It is a promising alternative to provide SEMs for imaging in a permanent-magnet-based low-field portable MRI system, besides a sparse Halbach array [15] and an IO ring-pair aggregate [24] . 
